INTRODUCTION
============

In anoxic environments, nitrate serves as an energy-rich electron acceptor for microbial terminal metabolism and its complete reduction generates either dinitrogen or ammonium. In the hydrothermally altered surficial sediments of Guaymas Basin, nitrate is abundant (highest 40 µM; [@B24] and references therein) and nitrate-concentrating *Beggiatoa* mats cover vast areas of sediment surface. Mat-hosting sediments are sites of rigorous coupled nitrogen--carbon--sulfur cycling ([@B49] and references therein). Dissimilatory processes, such as sulfate reduction and anaerobic methane oxidation, have been studied frequently in Guaymas Basin sediments, including mat-hosting sites ([@B10]; [@B51]; [@B19]; [@B13]; [@B2]). However, nitrate dynamics and dissimilatory pathways of nitrate reduction, such as denitrification, have not been explored.

Environmental conditions are postulated to control the dominant dissimilatory nitrate reduction pathways expressed in sediments and therefore which product(s) accumulate ([@B6]; [@B7]; [@B31]). In Guaymas Basin, abundant stocks of thermally-derived organic carbon and reduced substrates, including sulfide, can influence nitrate reduction pathways. Complex organic carbon can support heterotrophic dissimilatory denitrification (DNF) and fermentative dissimilatory nitrate reduction to ammonium (DNRA; [@B7]; [@B54]). Sulfide can have a stimulatory or inhibitory effect on nitrate reduction -- depending on the pathway employed -- and hence may affect the products of nitrate reduction ([@B16]). Sulfide can also fuel the activity of some autotrophic denitrifiers (e.g., *Sulfurimonas denitrificans*) and some nitrate reducers capable of DNRA use sulfide as an electron donor. Sulfide inhibition can reduce denitrification rates and stimulate nitrous oxide production because nitrous oxide reductase, the enzyme catalyzing the reduction of nitrous oxide to dinitrogen, is sensitive to sulfide ([@B6]; [@B16]; [@B31]). The absence of the nitrous oxide reductase gene could also result in N~2~O production in the environment. The abundance of reduced carbon substrates and sulfide are not considered conducive for anaerobic ammonium oxidation (ANAMMOX; [@B7]), so this pathway was not examined in this study.

Microorganisms capable of complete or incomplete DNF exist across the microbial tree of life. Previous studies of the molecular ecology of Guaymas Basin sediments focused on general prokaryotic, sulfate reducing, or methane cycling populations ([@B48]; [@B9]; [@B8]; [@B2]). In Guaymas bacterial clone libraries, potential nitrogen cycling members of Gammaproteobacteria related to bacterial mat species (e.g., *Beggiatoa*) and of Epsilonproteobacteria ([@B48]; [@B9]) were observed. These groups of nitrate-utilizing bacteria can use sulfide as an electron donor, and are thought to produce dinitrogen as the end product of their metabolism ([@B41]; [@B45]). However, some members of Gammaproteobacteria reduce nitrate to ammonium ([@B12]; [@B30]). The functional gene responsible for the final step of DNF (*nosZ*) reflects the dinitrogen producers present.

Working under the assumption that DNF and nitrate removal were active in Guaymas Basin sediments, we tested the impact of varying nitrate, sulfide, and dissolved organic carbon concentrations on $\text{NO}_{3}^{-}$ cycling processes, and describe the diversity of the *nosZ* functional genes in Guaymas sediments. First, we describe and compare potential nitrate removal and DNF rates in *Beggiatoa* mat hosting sediments versus adjacent brown sediments lacking *Beggiatoa* mat biomass. Then, from similar *Beggiatoa* mat hosting sediments, we report how denitrifying bacteria responded to changes in nitrate, sulfide, and dissolved organic carbon (DOC) concentration. Finally, we describe the microbial communities performing nitrous oxide reduction using specific functional genes for this step (*nosZ*), complemented by bacterial 16S rRNA gene surveys.

MATERIALS AND METHODS {#s1}
=====================

SAMPLE COLLECTION AND TREATMENT
-------------------------------

Sediments were collected from Guaymas Basin, Gulf of California, by the manned submersible *DSV Alvin*during research cruises in 2008 and 2009. From the 2008 expedition, cores were collected from a dense *Beggiatoa*mat and surrounding sediments, within the area named "Megamat" (*DSV* Alvin-Dives 4490 and 4492; 27°0.459N, 111°24.526W; December 14 and 16, 2008). During the 2009 expedition, several sediment cores within a dense *Beggiatoa*mat were collected (*DSV* Alvin- Dive 4572; December 3, 2009). All sediments were collected at approximately 2000 meters below sea level with upper sediment horizons near 4°C, but typically temperatures increased to \>80°C by 20 cm below the sediment water interface. Sediment cores were stored at 4°C until use in laboratory experiments (within 2 weeks).

For sediments sampled in 2008, experiments were conducted on cores either hosting *Beggiatoa* mat (hereafter, mat) at the surface or brown sediment lacking visible mat (hereafter, brown). The brown sediment was sulfidic within millimeters of the sediment surface and was oil-stained over its entire depth. Rates of potential DNF and nitrate removal were measured as described by [@B5]. Briefly, sediment was collected from the 0--6 cm horizon and mixed with an Ar purged artificial porewater mixture \[APW (mM): NaCl, 491, MgCl~2~\*6H~2~O, 24, CaCl~2~\*2H~2~O, 1.6, KH~2~PO~4~, 0.03, KCl, 11, NaHCO~3~, 5\] in a 2:1 ratio. The APW and sediment mixture was then centrifuged. The supernatant APW was poured off, fresh APW was added to reconstitute the initial volume, then the sample was gently mixed. This process was repeated three times to obtain a known amount of dissolved constituents in the porewater prior to starting the rate experiments. Before dispensing the slurry into individual culture tubes, the slurry was bubbled with 0.09% Ar and a balance of He for 1 h. Individual culture tubes containing 15 mL of slurry were sealed with butyl rubber stoppers without a headspace ([@B26]). All samples were next injected with 100 µL of concentrated DOC with equimolar carbon from lactate and acetate to achieve a final concentration of 2 mM DOC. Then samples were injected with enriched nitrate (K^15^NO~3~, 99% Cambridge Isotope Laboratories^®^) to a final concentration of 100 µM. Samples were constantly shaken (75 rpm) and incubated at 40°C, a temperature representing the approximate average for the upper 6 cm. Prior to injection with ^15^$\text{NO}_{3}^{-}$ and DOC, samples were pre-incubated at 40°C for 48 h to reacclimatize microorganisms to quasi *in situ*temperatures. Incubations were terminated (for triplicate sub-samples) at each time point (0, 5, 13, and 26 h) by centrifugation at 500 rpm for 15 minutes, after which porewater was sampled immediately for dissolved gases (i.e., dinitrogen as ^29^N~2~ and ^30^N~2~). Briefly, dinitrogen was sampled on a membrane inlet mass spectrometer (MIMS) with minimum detection limit \<5 nM and precision of standard measurement of \<0.5% ([@B20]). After gas sampling, the remaining porewater was filtered (0.2 µm), and samples for determination of dissolved components nitrate ($\text{NO}_{3}^{-}$), and nitrite ($\text{NO}_{2}^{-}$), were collected and subsequently measured. The preservation and analytical methods used for dissolved constituents were described previously ([@B5]). Briefly, samples for dissolved constituents were refrigerated (4°C) until measurement on an Antek 7050 with chemiluminescence detection (NO~x~) and on a spectrophotometer ($\text{NO}_{2}^{-}$; [@B17]). The detection limit for NO~x~ was approximately 150 nM and precision was \<5%, while the $\text{NO}_{2}^{-}$ detection limit was 50 nM and the precision was 2%.

NITRATE, SULFIDE, AND DOC EXPERIMENTS
-------------------------------------

To investigate the response of nitrogen cycle dynamics to environmental factors, we used cores collected from a site occupied by dense *Beggiatoa* mat. Prior to these experiments, the mat was gently removed from the sediment surface to reduce background nitrate levels because Guaymas *Beggiatoa* vacuoles often contain 50--100 mM $\text{NO}_{3}^{-}$ ([@B25]). For this sampling the upper 3 cm of the sediment from three sediment cores was collected and a slurry was generated, as described above. We used three separate treatments to analyze the physiological response of the mixed community of nitrate reducers: (1) nitrate, (2) sulfide, and (3) DOC treatments at concentrations of 0, 100, 500, 1000, 5000 µM. The sediment slurry was mixed with APW, purged, and rinsed as described previously for potential DNF rate assays. All treatments were run in triplicate. For the individual treatments, 100 µL of the concentrated respective component was added to achieve the target concentration. In the nitrate treatment, samples were injected with 100 µL of a DOC solution (equimolar C from lactate, acetate, and glucose) to yield 1 mM DOC. After purging the nitrate (K^15^NO~3~, 99% Cambridge Isotope Laboratories^®^) with 0.09% Ar and a balance of He, an aliquot was injected into samples so that the target concentration was reached. The pH of the sulfide treatment was adjusted by addition of an equimolar amount of He purged hydrochloric acid applied directly to sulfide solution, and subsequently the sample was tested to ensure that the desired pH was maintained ([@B49]). For the DOC treatment, carbon was added as equimolar C from lactate, acetate, and glucose. In sulfide and DOC treatments, 100 µL of nitrate (^15^N) was injected to equal the final concentration of 1 mM. Immediately following the injection, samples were placed on a shaker table at 75 rpm at 4°C and allowed to incubate for 5 h. A lower temperature was used on these experiments because the temperature of the surficial sediments used was comparable to the ambient bottom seawater.

After the incubation, tubes were centrifuged and sampled as described above. Immediately after the incubation subsamples for dissolved gases were collected (^30^N~2~, ^29^N~2~, and N~2~O). Measurement of N~2~O was conducted for the nitrate and DOC treatments; the N~2~O samples from the sulfide treatment were unfortunately contaminated. The concentration of N~2~O was measured with a gas chromatograph equipped with an electron capture detector with a detection limit of around 20 ppb in the headspace analysis, which gave a detection limit of \~9 nM at 5% precision ([@B31]). Briefly, 1 mL of media sample was collected after centrifugation and injected into a He purged headspace vial closed with a butyl rubber stopper and containing a pellet of NaOH. After gas sampling, the artificial porewater was filtered (0.2 µm) and a sample was collected for NO~x~ and $\text{NO}_{2}^{-}$ concentration determination. Methods used to preserve and analyze the dissolved constituents were described previously.

MOLECULAR ANALYSIS
------------------

### DNA extraction, primer design, and polymerase chain reaction

Approximately 0.5 g of wet sediment was used for DNA extraction with the MOBIO^®^ (Carlsbad, CA) Ultrapure Soil DNA extraction kit following the manufacturer's protocol. The PCR master mix consisted of (25 µL): 2µL of template DNA, 0.25 µL of forward, and reverse primers (100 µmol L^−1^), 0.75 µL of bovine serum albumin (10 mg/mL), 0.12 µL of GoTaq Taq polymerase (Promega^TM^), and the balance of the volume as sterile H~2~O. The PCR cycle for 16S rRNA bacterial gene region began with an initial denaturation of 10 min at 94°C followed by 30 cycles of 1.5 min of denaturation at 94°C, 30 s of annealing at 55°C, 30 s of elongation at 72°C, ending with 7 min of elongation at 72°C. The 16S rRNA gene region of bacteria was amplified using the primer B27f (AGAGTTTGATCCTGGCTCAG) and UNI1392r (ACGGGCGGTGTGTRCA; [@B28],[@B29]).

The gene catalyzing the reduction of N~2~O to N~2~, nitrous oxide reductase, *nosZ* is highly diverse ([@B35]). Primers *nosZ661f*(CGGCTGGGGGCTGACCAA) and *nosZ1773r*(ATRTCGATCARCTGBTCGTT) were used to amplify the region 661--1773, with positions relative to *Pseudomonas stutzeri*([@B35]). For PCR amplification of the \~1,100 base pair *nosZ* gene, a denaturation of 5 min at 94°C was used and followed by 35 cycles of 30 s of denaturation at 94°C, 1.5 min of annealing at 56°C, 2 min of elongation at 72°C, ending with 7 min of elongation at 72°C ([@B35]).

### Cloning

All PCR products were verified to contain the gene of interest based on the size of the amplicon, and subsequently purified using a Qiagen Gel Extraction Kit, as specified by the manufacturer. The PCR products were then ligated into a pCR4 vector (Invitrogen) and transformed into *Escherichia coli*according to manufacturer's specifications. All colonies were screened for ampicillin resistance and lacZ expression. Sequencing was commenced at the M13F primer within the pCR4 vector.

### Phylogenetic analysis

The 16S rRNA gene sequences were screened first using blastn (NCBI), and next were aligned using the *S*ilva *In*cremental *A*ligner (SINA; [@B33]). For *nosZ*gene analysis, sequences were converted to amino acids and verified to be on the correct reading frame using the open reading frame (ORF) finder (NCBI). The *nosZ* functional gene was aligned using Clustal W and the alignment (196 amino acids) was then manually edited ([@B21]). After alignment, all 16S rRNA gene clones (600 nucleotides) were tested for chimeras using Bellerophon ([@B14]). Following the chimera check, sequences were imported to ARB and the quality of the alignment was verified and manually adjusted in ARB_EDIT ([@B22]). Mega5 was used to create 16S rRNA gene and *nosZ* phylogenetic trees ([@B47]). Phylogenetic trees for 16S rRNA were made by neighbor joining, with a Jukes--Cantor model for distance correction, and the tree was verified by bootstrap analysis (*n* = 1000). The *nosZ* tree was created using amino acid translations (197 amino acids) using minimum evolution with complete deletion and verification by bootstrap analysis (*n* = 1000). The cutoff for operational taxonomic units (OTUs) for bacterial 16S rRNA genes was 97%, and since divergence and hence OTUs are not established for *nosZ*, sequences are shown with identical sequences removed. All bacterial 16S rRNA gene OTUs were established using mothur ([@B36]).

RESULTS
=======

POTENTIAL DENITRIFICATION RATES IN MAT AND BROWN SEDIMENTS
----------------------------------------------------------

Over the course of a 26-h incubation, mat and brown sediments consumed all added ^15^$\text{NO}_{3}^{-}$ (110 ± 33 µM at time zero and \<1 µM at 26 h); nitrite was not detected at any time point (Figure [1A](#F1){ref-type="fig"}). In brown sediments without mat, nitrate concentrations at the start of the incubation were 108 (±29) µM and the amended nitrate was exhausted (\<1 µM) after only 13 h (Figure [1B](#F1){ref-type="fig"}). Potential denitrification, tracked as accumulation of ^30^N~2~ and ^29^N~2~, was observed in as little as 5 h in both types of sediment. The majority of ^15^$\text{NO}_{3}^{-}$ was converted to ^30^N~2~, with only a minor fraction (\<2 µM) ending up as ^29^N~2~. In mat sediments, 16.2 (±6.4) µM ^30^N~2~ accumulated by 13 h. Relatively more ^30^N~2~, 22.4 (±1.4) µM, accumulated in brown sediments after 26 h.

![**Time series incubations of mat (A) and brown **(B)** sediments with the substrate ($\text{NO}_{3}^{-}$, µM) and products (^29^N~2~ and ^30^N~**2**~, µM) plotted against time (h)**.](fmicb-03-00377-g001){#F1}

Potential denitrification is defined as the sum of ^30^N~2~ and ^29^N~2~ formation rates. Linear portions of nitrate consumption and ^30^N~2~ and ^29^N~2~ formation curves were used to estimate nitrate removal rates and potential denitrification rates, respectively. In mat sediments, over the first 13 h of the incubation, the rate of nitrate removal was 174 (±74) µM N day^−1^. In brown sediments, the first 5 h were used to estimate a nitrate removal rate of 418 (±145) µM N day^−1^. Integrated areal rates of nitrate removal were 435 and 1045 µmol m^−2^ h^−1^ in mat and brown sediments, respectively. Potential denitrification accounted for only a small fraction of nitrate removal in both mat and brown sediments. In mat sediments, potential denitrification rates were estimated over the first 13 h to be 31.2 (±12.1) µM N day^−1^. Potential denitrification rates were slightly lower in brown sediments at 21.9 (±1.4) µM N day^−1^, but this difference was not statistically significant. Integrated areal rates of potential denitrification were 78 and 54 µmol m^−2^ h^−1^ in mat and brown sediments, respectively.

DENITRIFICATION KINETICS AND INFLUENCES OF SULFIDE AND DOC
----------------------------------------------------------

Nitrate, sulfide, and DOC amendment generated different responses of the nitrate utilizing populations in Guaymas Basin sediments. The $\text{NO}_{x}^{-}$ consumption levels were the highest in the nitrate treatment of 5000 µM at 675 µM $\text{NO}_{x}^{-}$ consumed (∆$\text{NO}_{x}^{-}$ ; Figure [2A](#F2){ref-type="fig"}). In the nitrate treatment at 1000 µM and at all DOC concentration treatments, the nitrate removal levels were roughly \~300 µM $\text{NO}_{x}^{-}$(Figures [2A](#F2){ref-type="fig"},[C](#F2){ref-type="fig"}). With respect to increases in concentrations of nitrate, sulfide, and DOC, nitrate consumption levels increased, decreased, or did not change, respectively (Figure [2](#F2){ref-type="fig"}).

![**Environmental influences of nitrate (A), sulfide (B), and DOC (C) on denitrification and nitrogen species end products**.](fmicb-03-00377-g002){#F2}

The proportion of ^15^$\text{NO}_{3}^{-}$ converted to ^30^N~2~ and ^29^N~2~ was summed to generate the µM N as N~2~ and is presented as the potential denitrification rate (Figure [2](#F2){ref-type="fig"}). In the nitrate treatment, maximum denitrification was observed at 500 µM with 243 (±6.1) µM N converted to dinitrogen, corresponding to a DNF rate of 1166 µM N d^−1^. A Michaelis--Menten equation was fit to the data (*r*^2^ = 0.91) from the nitrate treatments resulting in a maximum denitrification rate (*V*~max~) of 1164 (±153) µM N day^−1^ and half-saturation constant (*K*~m~) of 137 (±91) µM $\text{NO}_{3}^{-}$ for the endogenous denitrifying community (Figure [2A](#F2){ref-type="fig"}). In the sulfide amended samples, much less N~2~ formation was observed relative to the nitrate or DOC treatments. The most N~2~ formed in the sulfide treatment was at the concentration of 100 µM, at 61 (±1) µM N as N~2~. Denitrification slowed as sulfide concentration rose above 100 µM H~2~S. In the DOC treatment, rates of denitrification to N~2~ varied little, from 178 (±10) to 238 (±24) µM N day^−1^, with no observable trends in response versus DOC concentration.

In the nitrate and DOC treatments, N~2~O was measured to determine if there was N~2~O accumulation in response to the specific treatments. In the nitrate and DOC treatments, N~2~O accumulation was high relative to typical environmental levels (range of 0.2--0.4 µM N as N~2~O; Figures [2A](#F2){ref-type="fig"}[,C](#F2){ref-type="fig"}). The exception was the nitrate treatment with no nitrate added and with 100 µM nitrate wherein N~2~O was not detected.

In order to assess the pathways or fates of nitrate in Guaymas Basin sediments, percentages of total nitrate consumption converted to N~2~ or N~2~O relative to nitrate removed (e.g., assimilation, storage, or other processes DNRA and anaerobic ammonium oxidation, ANAMMOX) were determined. The fraction of nitrate converted to N~2~ represents the sum of ^30^N~2~ and ^29^N~2~ and the proportion classified as nitrate removed is the balance of nitrate consumption not occurring as N~2~ or N~2~O (where N~2~O data was available). In general, as nitrate concentrations increased, the fraction of nitrate converted to N~2~ decreased, from \~75 to 32% (Table [1](#T1){ref-type="table"}). Systematic changes in the fraction of N~2~ formation observed were not influenced by sulfide or DOC treatments; note that gaseous N formation in the sulfide treatment does not include N~2~O. In the DOC treatment the fraction of nitrate converted to N~2~O appeared to decrease slightly with respect to DOC concentration from 0.14 to 0.11% (Table [1](#T1){ref-type="table"}).

###### 

Percent of end products observed in samples amended with nitrate, sulfide, and DOC for all concentration levels.

  Concentration (µM)   $\text{NO}_{3}^{-}$(%)   H~2~S (%)   DOC (%)                                    
  -------------------- ------------------------ ----------- --------- ------ ------ ---- ------ ------ -----
  0                    ND                       ND          ND        24.5   75.5   NA   27.7   72.1   0.1
  100                  25.1                     74.9        ND        60.0   40.0   NA   34.7   65.2   0.1
  500                  27.5                     72.4        0.1       66.4   33.6   NA   29.3   70.6   0.1
  1000                 30.1                     69.8        0.1       66.4   33.6   NA   34.7   65.2   0.1
  5000                 67.7                     32.2        0.04      68.7   31.3   NA   27.4   72.5   0.1

ND, not determined; NA, not available.

MOLECULAR CENSUS OF BACTERIA AND POSSIBLE DENITRIFIERS
------------------------------------------------------

### Bacterial 16S rRNA gene and nosZ functional genes

Cloning and sequencing of PCR-amplified 16S rRNA and *nosZ* genes from sediments used in the nitrate, sulfide, and DOC experiments suggested that the sediments maintained a microbiological capacity for denitrification. The 16S rRNA bacterial gene clone library (*n* = 77 clones total) was dominated by Epsilonproteobacteria (38%), Bacteroidetes (21%), Deltaproteobacteria (8%), and Gammaproteobacteria (7%). Within the Epsilonproteobacteria most clones were affiliated with the genus Sulfurovum (27%) or Sulfurimonas (6%; percentages are relative to the entire 16S library). Many of the clones were highly similar to Epsilonproteobacteria clones previously detected in Guaymas Basin sediments (Figure [3](#F3){ref-type="fig"}). In addition to the occurrence of 16S rRNA gene clones potentially relevant to denitrification, we also characterized the nitrous oxide reductase functional gene from these sediments. A total of 20 *nosZ* functional genes were retrieved. Of these, two sequences reflected multiple identical clones, leaving 10 unique sequences (Figure [4](#F4){ref-type="fig"}). The Guaymas Basin sequences were dissimilar from all pure culture *nosZ*, and similar to *nosZ* functional genes extracted from continental margin sediments (Scala and Kerkhof, 1999).

![**16S rRNA bacterial gene phylogeny of Guaymas Basin environmental clones relative to pure culture and other environmental clones**. Environmental clones from this work appear as bold text, pure cultures are italicized, and environmental clones from other environments appear as normal text. Neighbor joining method was used to generate a tree with a Jukes--Cantor correction of evolutionary distance. Bootstrap values for branches occurring for \>50% of 1000 iterations are reported. Scaling of the phylogenetic tree is based on an evolutionary distance of 0.03.](fmicb-03-00377-g003){#F3}

![***nosZ* phylogeny of Guaymas Basin environmental clones relative to environmental clones from continental margin sediments and pure culture data**. Minimum evolution method was used to generate the phylogeny, with a Poisson correction of evolutionary distance. Bootstrap values for branches occurring for \>50% of 1000 iterations are reported. Scaling of the phylogenetic tree is based on an evolutionary distance of 0.10.](fmicb-03-00377-g004){#F4}

DISCUSSION
==========

BACTERIAL MATS AS NITROGEN CYCLE HOT SPOTS
------------------------------------------

Bacterial mats are considered areas of intensified nitrogen cycling ([@B49]; [@B4]). Significant accumulations of thick (\~3 cm) bacterial mats (*Beggiatoa*sp.) thrive at the surface of Guaymas Basin hydrothermal sediments and these mats concentrate up to mM levels of nitrate inside their vacuoles ([@B15]; [@B24]; [@B25]). Given the high concentration of nitrate in mat-forming vacuolate sulfur bacteria and their abundance along surficial sediments in the Guaymas Basin, we postulated that nitrate cycling processes like nitrate reduction would be stimulated in mat-hosting sediments. Surprisingly, denitrification and nitrate removal rates were high in both Guaymas Basin mat-hosting sediments and brown sediments that lacked mats. Rates of potential denitrification were somewhat higher in sediments that hosted bacterial mats, versus the brown sediments adjacent to mats. However, nitrate removal rates were faster in brown sediments relative to mat sediments. Collectively these data suggest that while denitrifying communities might be more prominent in mat sediments, other nitrate removal processes are predominant in brown sediments. Other nitrate removal processes in brown sediments could include DNRA, ANAMMOX, and assimilation by endogenous prokaryotes. The lack of any nitrite or ^29^N~2~ accumulation, which would be the reactant and product of ANAMMOX, respectively, suggests that its occurrence is limited in these sediments, assuming of course that there was no stored nitrate or nitrite present in *Beggiatoa* during experiments. Furthermore, available evidence suggests that in sulfidic sediments, DNRA rather than ANAMMOX is the favored process ([@B7]). Nitrogen assimilation can be performed by numerous heterotrophic and autotrophic organisms and might also contribute to nitrate removal ([@B1]). Therefore we postulate that DNRA and possibly assimilation are most likely the leading nitrate removal processes in brown sediments.

Few measurements of rates of nitrogen related processes exist in deep-sea sediments (Zopfi et al., 2001; Preisler et al., 2007; Høgslund et al., 2009; Bowles and Joye, 2011). In mat-hosting Gulf of Mexico cold seep sediments, potential denitrification rates were 32 µM N day^−1^; virtually the same rate as observed in Guaymas Basin mat sediments. Deeper (\>6 cm) cold seep sediments not directly associated with mat material had a lower rate that was similar to brown sediments from Guaymas Basin. However, nitrate removal from Guaymas Basin sediments were an order magnitude faster than those measured in Gulf of Mexico cold seep sediments (Bowles and Joye, 2011). Integrated areal rates of potential denitrification (78 and 54 µmol m^−2^ h^−1^) in Guaymas Basin sediments were similar to rates measured in coastal and eutrophic environments (range: 3.5--1067 µmol m^−2^ h^−1^; Seitzinger, 1988). The areal integrated rate of nitrate removal in Guaymas Basin of 1045 µmol m^−2^ h^−1^ was very high and similar to the highest reported denitrification rate from sediments in the Tejo estuary (1067 µmol m^−2^ h^−1^; Seitzinger, 1988). In highly eutrophic Eckernförde Bay on the German Baltic coast, Preisler et al. (2007) performed a stable isotopic tracer rate (^15^$\text{NO}_{3}^{-}$) analyses and found *Beggiatoa*-associated nitrate removal was only about 6.5 µmol m^−2^ h^−1^, which amounts to a minor fraction of the rates observed in sediments of Guaymas Basin. Collectively these data suggest that in addition to the activity of *Beggiatoa*, other sediment microorganisms rigorously metabolize nitrate in organic carbon rich sediments.

ENVIRONMENTAL FACTORS: NITRATE, SULFIDE, AND DOC
------------------------------------------------

Nitrate, sulfide, and DOC concentrations influenced the rates and end products of nitrate reduction (Figure [2](#F2){ref-type="fig"}; Table [1](#T1){ref-type="table"}). Nitrate utilizing communities in Guaymas Basin sediments reduced nitrate rapidly (high *V*~max~) to N~2~, with a high affinity for nitrate (relatively low *K*~m~), in comparison to other endogenous communities in other environments (*V*~max~ = 422 µM N~2~-N cm^−3^ day^−1^, *K*~m~ = 344 µM; [@B27]). Sulfide clearly influenced the production of dinitrogen; N~2~ production rates plummeted and may have resulted in the production of substantial amounts of N~2~O (Figure [2B](#F2){ref-type="fig"}). But, we were unfortunately unable to measure N~2~O in the sulfide treatments. Finally, microbial communities displayed a limited response to the availability of labile DOC, as observed in consistent potential DNF rates and N~2~O accumulation over a range of DOC concentrations.

DENITRIFICATION KINETICS AND NITRATE CONCENTRATION EFFECTS
----------------------------------------------------------

Data from kinetic experiments on mixed environmental sediment populations performing denitrification are not common (e.g., [@B27]; [@B11]). In the most relevant dataset from Kysing Fjord (Denmark) sediments, the community *K*~m~ was 344 µM nitrate and *V*~max~ was 422 µM N day^−1^ ([@B27]). The microorganisms within Guaymas Basin sediments maintained a higher affinity for nitrate and were able to perform denitrification at a higher maximum rate. This feature may be related to the presence of autotrophic, or sulfide-dependent denitrifiers and heterotrophic populations that utilize endogenous particulate organic carbon. For example, low *K*~m~ values (3--161 µM) for nitrate in sulfidic bioreactors have been observed ([@B55]). In enrichments for sulfide oxidizing communities of denitrifiers, [@B40] observed *V*~max~ values up to 700 µM h^−1^. Molecular results also support our findings, as Guaymas sediments contained functional genes associated with heterotrophic denitrification (*nosZ*) as well as some Epsilonproteobacteria typically associated with sulfide dependent denitrification within 16S clone libraries.

Another environmental ramification of enhanced nitrate availability is the potential for a higher proportion of N~2~O production relative to N~2~ during denitrification ([@B50]). Increasing amounts of nitrous oxide production as a function of nitrate concentrations have been observed in environmental samples and in pure cultures ([@B34]; [@B3]; [@B16]). However [@B40] recently observed no relationship between extremely high levels of nitrate (80 mM) and N~2~O production. We did not observe substantial increases in the proportion of N~2~O formed in Guaymas Basin sediments up to 5000 µM $\text{NO}_{3}^{-}$.

SULFIDE AND DENITRIFICATION
---------------------------

Nitrogen related processes are often subject to substantial influences from sulfides; nitrogen fixation (e.g., [@B23]), denitrification (e.g., [@B16]), and nitrification ([@B18]) are all influenced by sulfide concentration. Denitrification to N~2~ often slows substantially or ceases at relatively low sulfide concentrations, and sulfide might be a contributing factor to the observed accumulation of N~2~O in anoxic marine sediments ([@B43]; [@B16]). In Guaymas Basin sediments we observed low rates of potential denitrification in the presence of sulfide. The production of dinitrogen is limited by the sulfide-induced inhibition of nitrous oxide reductase (*nosZ*; [@B44]) or by limitation of denitrifiers by sulfide in general ([@B16]). Some pure culture data (*Aeromonas* sp., *Vibrio* sp., and *Pseudomonas fluorescens*) and environmental assays suggest that nitrous oxide reductase is already significantly inhibited at low sulfide concentrations of 100--300 µM ([@B44]; [@B38]). In contrast to relatively low inhibitory concentrations of sulfide observed in pure cultures, some environmental studies have reported evidence of nitrous oxide reductase inhibition (nitrous oxide accumulation) at much higher sulfide concentrations of 1--2.5 mM ([@B6]; [@B38]).

A paradoxical feature of denitrification in sulfidic sediments is that some microorganisms are able to use sulfide as an electron donor for denitrification. Perhaps it is the rigorous activity of sulfide utilizing denitrifying microorganisms that supports denitrification at high sulfide concentrations (2.5 mM) in some environments, such as Lake Shinji (Japan; [@B38]). The Guaymas sediments investigated here and previously investigated sediments from the same site hosted Epsilonproteobacteria (here \~38%; [@B48]; [@B9]) and cultured representatives of this group can likely use sulfide as an electron donor ([@B46]). Considering the high environmental concentrations of sulfide and nitrate, it is surprising that the endogenous denitrifier community in Guaymas Basin sediments was not more tolerant of sulfide.

DISSOLVED ORGANIC CARBON ADDITION
---------------------------------

The addition of labile DOC is thought to support high denitrification rates and might also support production of N~2~O ([@B50]). Though functional gene analysis of *nosZ* suggests the activity of heterotrophic denitrifying communities, we did not observe any stimulation of denitrification rates in response to increases in labile carbon concentration (DOC). These data suggest that heterotrophic metabolism to N~2~ was important, though other denitrification pathways (autotrophic) must also contribute substantially to the total observed rate. Another distinct possibility is that these communities are adapted to high DOC levels in the natural environment and the addition here was insufficient to stimulate potential denitrification rates. In soils, additions of glucose decreased N~2~O production ([@B52]). In Guaymas sediments, despite large additions of DOC, N~2~O accumulation did not systematically change.

COMPLEX NITROGEN CYCLING COMMUNITIES
------------------------------------

Molecular microbiological data are indicative of autotrophic and heterotrophic denitrification (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Though not quantitative, the domination of clone libraries by Epsilonproteobacteria related to Sulfurovum and Sulfurimonas implies the presence and activity of an autotrophic denitrifying population in Guaymas sediments ([@B39]). The Epsilonproteobacteria clones outnumbered Deltaproteobacteria, which are largely sulfate reducers. Though elevated rates of sulfate reduction are often measured in this environment, the quantitative and qualitative data presented here (e.g., measured rates of denitrification and nitrate removal and molecular data) underscore the importance of nitrogen related processes ([@B10]; Figure [3](#F3){ref-type="fig"}) in this habitat as well.

The amino acid composition of *nosZ* within sulfide utilizing microorganisms is dissimilar to that of other organisms, corresponding to the outgroup in Figure [4](#F4){ref-type="fig"}. Traditional primers used for *nosZ* do not capture the Epsilonproteobacteria *nosZ* functional genes (see [@B41] and discussion therein). However utilizing the traditional *nosZ* primers ([@B35]), we observed an outgroup of environmental samples similar to *nosZ* isolated from continental margin sediments ([@B35]; Figure [4](#F4){ref-type="fig"}). The relationship of Guaymas *nosZ* clones with continental margins could be because the primers developed by [@B35] target specific types of denitrifiers or because the recovered sequences reflect microorganisms that are general heterotrophic denitrifiers.

NITRATE REMOVAL
---------------

An observation similar between Guaymas and cold seep sediments ([@B5]) is that a great fraction of $\text{NO}_{3}^{-}$ added is not recovered or accounted for. Though termed nitrate removal we speculate that this component is largely composed of DNRA and assimilation. Detecting both processes can be difficult and made more complex by the fact that DNRA and assimilation can be related. Ammonium generated by DNRA can be directly assimilated into biomass representing an interconnected series of pathways, from nitrate to biomass. Measuring DNRA in Guaymas Basin sediments was complicated by high background levels of ammonium (100s µM to \>10 mM; [@B42]). Though sediments were rinsed prior to the experiments, ammonium levels during these incubations were still 100s of µM owing to high initial concentrations and potentially ammonium absorption to sediment particles (data not shown). In high activity sediments such as Guaymas Basin sediments we speculate that assimilation alone could also play a large role in nitrate removal. Carbon assimilation has been directly measured in Guaymas Basin sediments and these rates are substantial at about 4000 µM C day^−1^ (Joye and Samarkin, unpublished results). If we assume stoichiometric uptake of nitrogen by prokaryotes (C:N \~1:0.24; [@B53]), then the demand for nitrogen comes to approximately 960 µM N day^−1^. This estimate from previous measurements of C assimilation shows that nitrate assimilation is the correct order of magnitude to account for all of the nitrate that was not recovered. In addition, this estimate would only include nitrogen incorporation from autotrophic microorganisms, and has to be regarded as conservative since it does not include heterotrophic nitrogen assimilation processes in carbon rich environments ([@B1]).

CONCLUSION
==========

Denitrification is carried out by the endogenous prokaryotic communities in Guaymas Basin sediments. Denitrification rates are high in comparison to those observed in other environments and rates and endpoints are influenced by environmental factors, most notably sulfide. In molecular surveys of denitrifying bacteria from Guaymas Basin the potential for both heterotrophic and autotrophic, sulfide based, denitrification was observed. Future studies should further document the presence of nitrate in these environments, contained within *Beggiatoa* and free nitrate, in order to understand the importance of denitrification in this type of environment, relative to other processes. Additionally, quantification of heterotrophic and autotrophic gene transcripts should be performed to better constrain carbon and sulfur interrelations in these complex settings.
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